ABSTRACT: Accurate prediction of ischemic tissue fate could aid clinical decision-making in the treatment of acute stroke. We investigated predictions of tissue fate for three (30-min, 60-min and permanent) stroke models in rats. Quantitative cerebral blood flow (CBF), apparent diffusion coefficient (ADC) and spin-spin relaxation time constant (T 2 ) were acquired during the acute phase and at the end point followed by histological examination. Probability-of-infarct profiles based on ADC and CBF data were constructed using a training dataset. Probability-of-infarct maps were predicted using only acute stroke data from a separate experimental dataset, revealing the likelihood of future infarction. Performance measures of sensitivity and specificity showed accurate predictions. Sensitivities (mean AE SD) for the 30-min, 60-min and permanent stroke were, respectively, 82 AE 6%, 82 AE 7%, and 86 AE 4%, specificities were 83 AE 5%, 86 AE 5%, and 89 AE 6%, and the areas under the receiver operating curve were 87 AE 3%, 90 AE 4%, and 93 AE 3%. Importantly, to improve prediction accuracy, we took into account regional susceptibility to infarction. Spatial frequency-of-infarct maps were constructed and predictions were made by taking the weighted average of the probability-of-infarct map and spatial frequency-of-infarct map. The optimal weighting coefficient of spatial frequency-of-infarct was small (10%) for the permanent occlusion group but surprisingly large (40%) for the reperfusion groups, indicating that regional susceptibility of infarction was important for accurate prediction in reperfusion stroke. We concluded that the likelihood of cerebral infarction in rats can be accurately predicted and that accounting for regional susceptibility of infarct further improves prediction accuracy. Predictive models have the potential to provide a valuable quantitative framework for clinicians to consider different stroke treatment options.
INTRODUCTION
Ischemic stroke occurs when basal cerebral blood flow (CBF) falls below a critical threshold (1) (2) (3) (4) , resulting in energy failure, which is subsequently manifested as a reduction in the apparent diffusion coefficient (ADC) of water (5) . Perfusion-weighted and diffusion-weighted MRI is very sensitive to acute stroke changes and is becoming the method of choice for diagnosing and characterizing acute ischemic brain injury. During early ischemic injury, a central core of severely compromised CBF and severe ADC reduction is typically surrounded by tissue with moderately diminished CBF, near-normal ADC, and impaired electrical activity, but preserved cellular metabolism. Although the mechanism of ADC reduction remains poorly understood, the difference in anatomical area defined by perfusion-weighted and diffusion-weighted images, commonly referred to as the 'perfusion-diffusion' mismatch (6, 7) , approximates the potentially salvageable 'ischemic penumbra' (1) (2) (3) (4) and thus has important practical and clinical utility.
One implication of the above observations is that diffusion and perfusion MRI data on acute stroke can be used to statistically predict the final ischemic tissue fates in different brain structures. The ability to do so could aid clinical decision-making in the treatment of acute ischemic brain injury (8) . Ad hoc predictions made during an acute stroke phase on the basis of ADC and CBF critical thresholds have been correlated with end-point imaging and stroke outcomes (9, 10) . Statistical prediction based on acute stroke data with correlation via histology and end-point imaging has been demonstrated in rats and humans (11) (12) (13) . The ischemic penumbra is remarkably heterogeneous (14, 15) . Although ADC and CBF are strong predictors of tissue infarction following acute stroke, some brain regions are more susceptible to infarct than others. Factors that contribute to regional susceptibility to ischemic injury include distance from patent afferent vessels, basal regional blood flow, and metabolism. For example, tissues close to the anterior communicating artery and the posterior cerebral artery have lower infarct incidences because of sustained or partial collateral flow (16) . Conversely, the hippocampus is more susceptible to ischemic injury (17) . Thus, using information on regional susceptibility to ischemic injury to predict tissue fate has the potential to improve its accuracy.
The goals of this study were: (i) to develop and apply a prediction algorithm to carefully document the probability profiles and probability-of-infarct density profiles for three representative (30-min, 60-min, and permanent) intraluminal middle cerebral artery occlusion (MCAO) durations in a rat stroke model; (ii) to predict the final ischemic tissue fate using only acute stroke data, validate it using histology, and quantify prediction accuracy using performance measures; (iii) to predict tissue fates in animals with the hypothetical scenario of no reperfusion in the reperfusion groups; (iv) to improve prediction accuracy by accounting for regional susceptibility to ischemic injury. Quantitative perfusion, diffusion, and T 2 image data were acquired every 30 min during the acute phase up to 180 min after ischemia, and again at 24 h followed by histological examination. Different tissue types (normal, mismatch, and ischemic core) were classified by using the improved iterative self-organizing data-analysis algorithm (ISODATA) clustering method (16) , as opposed to a threshold-based analysis. Pixelby-pixel predictions were evaluated, revealing different likelihoods of infarct in different tissue types. An accurate predictive approach should help to individualize treatment windows and potentially extend current treatment window options.
METHODS

Animal preparations
Three different occlusion durations were studied: 30-min MCAO (n ¼ 12), 60-min MCAO (n ¼ 12), and permanent MCAO (n ¼ 12). Stroke surgery and animal preparations have been described elsewhere (18) (19) (20) . For each occlusion group, half of the animals were randomly assigned to the training group for generation of probability profiles; predictions were made on the remaining half, the experimental group. End-point imaging was performed at 24 h followed by histological examination with 2,3,5-triphenyltetrazolium chloride. Histological infarct volume was determined with edema correction (20) .
Sprague-Dawley rats (300-350 g) were initially anesthetized with chloral hydrate (400 mg/kg, intraperitoneal injection) and subjected to intraluminal MCAO. A femoral artery was catheterized for blood gas sampling and continuous blood pressure and heart rate monitoring. Blood pressure, heart rate, respiration rate, rectal temperature, and blood gases were maintained within normal physiological ranges. Once the animal was in the magnet, $1% isoflurane was used. The animals breathed spontaneously without mechanical ventilation (20, 21) .
MR experiments
MRI was performed on a Bruker 4.7 T/40 cm scanner (Bruker, Billerica, MA, USA). The animal was secured in a stereotaxic headset and placed on an animal holder, consisting of a surface coil (2.3 cm internal diameter) for brain imaging and a butterfly neck coil for arterial spin labeling (20) . Coil-to-coil interaction was actively decoupled. Imaging was performed at 30, 60, 90, 120, and 180 min, and again at $24 h after occlusion.
ADC maps were obtained by averaging three ADC datasets acquired with diffusion-sensitive gradients applied along the x, y, or z direction. Data were acquired using spin-echo echo-planar imaging [ Higher resolution in the permanent MCAO was a result of our recent successful attempt to achieve better ischemic definition. Higher resolution should improve prediction by reducing partial-volume effects, but it has lower signal-to-noise ratio per unit time, which could increase the uncertainty of the prediction results. However, differences in resolution of the data here are not expected to alter the overall conclusion of the prediction results.
Quantitative CBF was measured using the continuous arterial spin-labeling technique (22) with gradient-echo echo-planar imaging and parameters similar to the ADC measurement except TE ¼ 20 ms. Paired images were acquired alternately À one with and the other without arterial spin-labeling preparation. Seventy-six pairs of images were acquired for signal averaging, with half acquired before and the other half after the ADC measurements.
T 2 -weighted images were acquired 24 h after occlusion using the fast spin-echo pulse sequence (TE per echo ¼ 6.5 ms) with two different effective TEs (52 and 104 ms), echo train length 16, and 16 signal averages.
Data analysis
Data analyses used codes written in Matlab (MathWorks, Natick, MA, USA) and STIMULATE software (University of Minnesota). Six anterior slices were analyzed to avoid susceptibility distortion around the ear canals. Images were co-registered between acute phase and 24 h data within the same animals as well as between animals using custom-designed semi-automatic co-registration software. This approach has been used successfully (21, 23, 24) .
Data were reported as mean AE SD, with P < 0.05 (t-test) taken to be statistically significant.
ADC and CBF calculation. ADC maps with intensity in units of mm 2 /s were calculated pixel-by-pixel (20, 21) . CBF maps (S CBF ) with intensity in units of mL/g/min were calculated (22) pixel-by-pixel using
where S C and S L are signal intensities of the unlabeled and labeled images, respectively. l, the water brain-blood partition coefficient, was taken to be 0.9 (25) . T 1 , the water spin-lattice relaxation time of tissue, was measured to be 1.5 s at 4.7 T. a, the arterial spin-labeling efficiency (26) , was measured to be 0.8. The continuous arterial spin labeling technique used here has some limitations (27) . Acute ischemia has been reported to change tissue T 1 up to 6-20% (28-31), and our CBF model which assumes a constant normal T 1 could overestimate CBF by the same magnitude in the ischemic regions. The CBF model used here also ignores transit time and permeability effects, which could change significantly in stroke (27) . Improving the accuracy of quantitative blood-flow MRI especially under perturbed conditions remains an active area of research.
ISODATA cluster analysis of lesion volumes.
ISODATA (32) is an effective clustering method. Unlike many other existing techniques, ISODATA analysis requires minimal user intervention and the number of clusters is statistically determined (33, 34) . ISODATA analysis was improved with Mahalanobis measure and spatial contiguity (16) . Pixels of cerebrospinal fluid and the corpus callosum were first excluded using ISODATA. ISODATA was then used to identify pixels belonging to different tissue zones based on ADC and CBF data, and to determine the final lesion volume based on end-point MRI data. Multiple clusters were statistically resolved and identified as 'normal', 'mismatch', and 'ischemic core' from the ischemic right hemisphere. The ischemic core was determined using ADC, CBF and T 2 maps 24 h after occlusion.
Probability profiles and probability-of-infarct (P I ) maps. Using the training group, profiles of the P I contour plots were derived as a function of ADC versus CBF by determining the percentage of pixels within each grid that had migrated to the ischemic core 24 h after ischemia. Grid sizes of 0.05 Â 10 À3 mm 2 /s for ADC and 0.1 mL/g/min for CBF were used. P I contour plots were displayed with color coding ranging from 0% to 100% in steps of 10%. This constituted the look-up table basis sets for use of prediction. Normalized probability of infarct density (P D ) contour plots at different time points after ischemia were also computed by multiplying the P I by the number of pixels in each grid. P D was normalized within each occlusion group, allowing comparison of relative density among different tissue zones.
Predictions of subsequent infarction were made on the experimental group using only the 30-min (or 60-min for the 60-min MCAO group) data by looking up the corresponding P I contour plots of the training group on a pixel-by-pixel basis. A 3 Â 3 Hanning filter was used to smooth the P I maps. Acute ADC and CBF data (30 min or 60 min after ischemia) were used in the prediction because they were informative during the acute phase (5), whereas T 2 did not change until a few hours after occlusion, coinciding with the advent of vasogenic edema.
Performance measures of the prediction. Sensitivity, specificity, receiver operating characteristic (ROC) curves and optimal operating point were computed to evaluate prediction performance. The number of pixels predicted to infarct that actually did infarct [true positives (TP)], the number of pixels that did not infarct [false positives (FP)], the number of pixels predicted not to infarct that remained non-infarcted [true negatives (TN)] and those that became infarcted [false negatives (FN)] were determined. Sensitivity, defined as the true positive ratio TPR ¼ TP/(TPþFN), and specificity, defined as the true negative ratio TNR ¼ TN/(TNþFP), were calculated. ROC curves and the optimal operating point were derived (16) .
Spatial frequency-of-infarct. To improve prediction accuracy, we took into account the regional susceptibility to ischemic injury. Spatial frequency-of-infarction maps were obtained by counting the frequency of infarction across animals. Images from different animals within the same MCAO group were spatially co-registered, and the frequency-of-infarct maps were computed pixel by pixel using the following equation Spatial frequency of infarctðx; y; zÞ
¼
Number of animals of pixelðx; y; zÞinfarcted Total number of animals where x ranged from 1 to 64 or 128, y ranged from 1 to 64 or 128, and z ranged from 1 to 6. Predictions were made by taking the weighted average of the P I map and the frequency-of-infarct map. ROC analysis was performed to determine the optimal weighting coefficients. For the regional susceptibility weighting coefficient from 0.1 to 1 in steps of 0.1, the areas under the ROC curves obtained from the ROC analysis of the predicted tissue fate against the end-point imaging data were evaluated. The areas under the ROC curves were plotted as a function of the regional susceptibility weighting coefficients, and the peaks of these ROC curves were selected as the optimal. Results from histological examination and predictions made with and without regional susceptibility information were compared.
RESULTS
Probability-of-infarct (P I )
Two-dimensional P I contour profiles of ADC and CBF values for the 30-min, 60-min and permanent MCAO at various time points after ischemia are shown in Fig. 1  (training dataset, n ¼ 6) . For the purpose of discussion only, the 'normal' zone is considered as ADC > 0.53 Â 10 À3 mm 2 /s and CBF > 0.3 mL/g/min, the 'core' zone as ADC below these values, and the 'mismatch' zone as CBF < 0.3 mL/g/min, but ADC > 0.53 Â 10 À3 mm 2 /s (20) . Actual tissue classifications used ISODATA clustering.
Before reperfusion, P I increased with decreasing ADC and CBF. P I in the core zone of the 30-min and 60-min MCAO was lower than for the permanent MCAO, and the P I in the mismatch zone was essentially zero for the 30-min MCAO. These results indicate that: (i) different occlusion groups showed different likelihoods of infarction in different tissue zones; (ii) most of the mismatch pixels in the permanent MCAO were destined to infarct; (iii) some mismatch pixels in the 60-min MCAO were destined to infarct; (iv) only a few mismatch pixels in the 30-min MCAO were destined to infarct.
After reperfusion, P I increased in all tissue zones, suggesting that a substantial amount of tissues showed at least transient CBF and ADC recovery, although some of these tissues subsequently became infarcted. CBF in most of the tissue changed to normal or close to normal immediately after reperfusion. In the 30-min MCAO, most of the initially recovered pixels that migrated to the normal zone showed low P I , in marked contrast with the 60-min MCAO where many of the initially recovered tissues did subsequently become infarcted. One explanation is that longer occlusion durations trigger delayed Figure 1 . Profiles of probability-of-infarct (P I ). P I of CBF versus ADC at different time points after ischemia for three different occlusion durations: (A) 30-min MCAO (n ¼ 6), (B) 60-min MCAO (n ¼ 6) and (C) permanent MCAO (n ¼ 6). 'Rep' indicates the time point when reperfusion took place. The 120-min time points for 30-min and 60-min MCAO are not shown. These data are from the training groups. The blue-red color bar indicates the probability ranging from 0% to 100%. Note that there are a few pixels (1-2%) with slightly negative CBF values, which were due to 'noise' for pixels with close to zero blood flow. This figure is available in colour online at www.interscience.wiley.com/journal/nbm infarction. In the 30-min and 60-min MCAO group, the tissue zone with low ADC and high CBF also showed significant P I because this region represented mostly dead/injured tissue with high blood flow after reperfusion.
Probability-of-infarct density (P D )
A P D contour plot is a product of the P I within a grid and the number of infarcted pixels belonging to that grid (Fig. 2, training dataset) . Before reperfusion, P D distributions were highly localized to the core zone. After reperfusion, P D became less 'localized' as expected. By the 90-min time point and onward, P D contour plots showed two peaks in the 30-min and 60-min MCAO groups but only one peak in the permanent MCAO group. In the 30-min MCAO group, most of the initially recovered tissues that migrated to the normal zone did not become infarcted and, furthermore, most of the tissues that subsequently became infarcted came from the mismatch and core zones. In contrast, in the 60-min MCAO group, many of the initially recovered tissues that migrated to the normal zone did become infarcted, and most of the tissue that subsequently became infarcted came from all three tissue zones. At the 180-min time point, the 30-min MCAO group still showed high P D in the mismatch and normal zones, suggesting that the tissue fate was still evolving compared with the 60-min and permanent MCAO groups.
P I prediction maps
Pixel-by-pixel risk predictions of subsequent infarction were computed on separate groups of animals based only on acute CBF and ADC data acquired at the representative time point of 30 min after ischemia (Fig. 3 , experimental dataset, n ¼ 6). The predicted infarct maps showed excellent pixel-by-pixel correspondence to ISODATA cluster analysis of the end-point MRI data Figure 2 . Profiles of probability-of-infarct density (P D ). P D of CBF versus ADC at different time points for three different occlusion durations: (A) 30-min MCAO (n ¼ 6), (B) 60-min MCAO (n ¼ 6) and (C) permanent MCAO (n ¼ 6). These data are from the training groups. Probability density profiles were normalized from 0% to 100%. This figure is available in colour online at www.interscience.wiley.com/ journal/nbm and to histological examination. Predictions were also made for the hypothetical situation of no reperfusion for the reperfusion group (Fig. 3, bottom row) by looking up the P I contour plots of the permanent MCAO group; higher P I and larger areas of infarct were observed in this hypothetical situation, as expected.
ROC analysis was used to quantify prediction accuracy (Fig. 4, experimental dataset) . The group-average optimal operating points for the 30-min, 60-min and permanent MCAO groups were, respectively, 47 AE 5%, 43 AE 12%, and 69 AE 9%, the sensitivities were 82 AE 6%, 82 AE 7%, and 86 AE 4%, the specificities were 83 AE 5%, 86 AE 5%, and 89 AE 6%, and the areas under the ROC curves were 87 AE 3%, 90 AE 4%, and 93 AE 3%. These performance measures indicated reasonably accurate predictions, with predictions made for the permanent MCAO group being most accurate followed by predictions made for the 60-min and 30-min MCAO groups, as expected.
Regional susceptibility to infarction
To improve prediction accuracy, spatial frequency-ofinfarct maps were derived (Fig. 5) . Spatial frequency-ofinfarct and the extent of infarction were heterogeneous. Predictions were made by taking the weighted average of the P I map and spatial frequency-of-infarct map. To derive the optimal weighting coefficients, ROC analysis of the prediction accuracy was performed as a function of the weighting coefficients for regional susceptibility information (Fig. 6) . The optimal coefficients of spatial frequency-of-infarct were 10% for the permanent MCAO group and, surprisingly, 40% for both the 30-min MCAO and 60-min MCAO groups, indicating that contributions of regional susceptibility information were significant for the reperfusion groups. Figure 7 shows the P I maps predicted by using the optimal weighting coefficient of regional susceptibility information. Regional differences between predictions made with and without regional susceptibility information were most apparent in the reperfusion groups, specifically in the cortical tissues close to the anterior communicating artery and caudate tissues near the midline. Importantly, predictions made with regional susceptibility information consistently corresponded better to end-point imaging and histological examination than those made without regional susceptibility information.
DISCUSSION
This study documents the P I profiles for three representative MCAO groups in a rat stroke model. Predictions, made on the basis of acute stroke data in the form of P I maps, show the likelihood of future infarction on a pixel-by-pixel basis. Performance measures indicate quantitatively accurate predictions. Predictions of infarct made on a hypothetical scenario of non-reperfusion in the reperfusion groups further demonstrate the potential clinical utility of this approach. Moreover, accounting for regional susceptibility to ischemic injury significantly improves prediction accuracy, whereas ADC and CBF data alone, although critical, appeared to be insufficient to accurately predict ischemic tissue fate in stroke with reperfusion. These results could have strong clinical applications and implications.
Statistical predictions based on acute stroke data are sparse. Wu et al. (13, 35) report the eloquent use of a generalized linear model to predict stroke outcomes based on diffusion-weighted imaging, perfusion-weighted imaging, and T 2 data in humans and rats without 'spatial information.' The sensitivity and specificity of the rat studies of Wu et al. (13) are comparable to those in this study.
For the permanent MCAO group, the optimal weighting coefficient for 'spatial information' was 10%, which acts as minor 'spatial smoothing' and thus improves prediction results. However, we were surprised by the large optimal weighting coefficients for 'spatial information' for the reperfusion groups, suggesting that regional susceptibility information played a critical role in accurate prediction of reperfusion stroke. The optimal weighting coefficients were not significantly different between the 30-min and 60-min MCAO groups. One possible explanation is that the sensitivity was not sufficient to detect a difference. Another possible explanation is that the two reperfusion groups had similar amounts of tissue that were susceptible to ischemic injury but in different brain regions. Further investigations are needed. In human stroke, reperfusion is a common phenomenon, and thus incorporating regional susceptibility information is expected to be more important although less trivial because of increased complexity and heterogeneity. We also expect that the optimal weighting coefficient for 'spatial information' in human stroke with reperfusion would be larger because human stroke is more heterogeneous.
Predictions of tissue fate were accurate despite the small sample sizes. The sample sizes of the training basis sets can be readily increased to improve prediction accuracy in a computationally inexpensive manner. Careful categorization of training datasets (i.e. permanent and transient ischemia with or without therapeutic intervention) is important. Establishing proper training basis sets and selecting the proper algorithm in clinical practice is, however, expected to be challenging. Prediction of human stroke requires segmentation of gray and white matter [white matter can be ignored in rats (12) ] as they have different susceptibility to infarction. Although P I profiles were studied at different time points after stroke, temporal information was not used in predicting tissue fate. The ability to incorporate temporal information to predict ischemic tissue fate is important in clinical settings because stroke patients come into the emergency room with different stroke onsets which may not be known precisely. Temporal information can be readily incorporated into our predictive model and should be tested first in animal stroke models. Finally, we expect that incorporation of additional information such as pH (36) , functional MRI (21,37), vascular permeability (38) , oxygen consumption, oxygen extraction fraction (39), sodium MRI, and/or relaxation time (28-31) measurements in stroke will improve prediction accuracy.
This predictive approach could also be applied to other types of brain injury, such as transient ischemic attack and traumatic brain injury. For example, many patients with transient ischemic attack often return to the emergency room with fully developed stroke within 48 h (40) . Thus, the ability to predict and identify patients at risk of subsequent stroke should have clinical impact. Translating the success of basic therapeutic research and rodent stroke models into proven interventions in humans has been challenging for many reasons. The heterogeneity of ischemic stroke in humans and the imprecise clinical outcome measures are certainly contributing factors. Accurate and objective prediction models of tissue fate may provide a quantitative framework in decisionmaking and may help drug trials by accelerating the identification of promising potential therapies. Finally, this predictive approach could help to individualize the treatment window for stroke patients and extend current treatment window options. Although translating this approach to human applications may not be easy because of the heterogeneity of human ischemic stroke, a similar predictive approach for the study of human stroke has already been reported (11) .
In summary, this study establishes a predictive model and incorporates quantitative information about regional susceptibility to infarction to improve the accuracy of predicting the fate of ischemic tissue. This approach may have potential clinical applications in that it could provide quantitative frameworks to aid clinical decision-making in the treatment of acute stroke, to test treatments, and to tailor treatment options for individual patients with acute stroke.
